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Abstract 

We have previously identified 15 genes that are associated with the development of severe depressive side effects during 
the standard therapy with interferon alpha and ribavirin in the peripheral blood of hepatitis C virus infected patients. An 
enhanced expression of these genes was also found in the blood of psychiatric patients suffering severe depressive episode. 
Herein, we demonstrate that the same depression-related interferon-inducible genes (DRIls) are also upregulated in post- 
mortem brains of suicidal individuals. Using cultured mouse hippocampal and prefrontal neurons we show that 
costimulation with murine IFN (mIFN) and the TLR3 agonist poly(l:C) promotes the expression of the described DRIls, at the 
same time inducing pro-inflammatory cytokine expression through Statl and Stat3 activation, promoting neuronal 
apoptosis. Consequently, the upregulation of selective DRIls, production of inflammatory cytokines and inhibition of 
neuronal plasticity may be involved in the pathogenesis of IFN-associated depression. 
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Introduction 

Chronic hepatitis C virus (HCV) infection, affecting around 1 70 
million individuals worldwide, is the leading cause of progressive 
liver diseases including hepatic cirrhosis and hepatocellular 
carcinoma [1]. Though the development of alternative antiviral 
therapies is being conducted, the administration of interferon- 
alpha (IFN-ot) in combination with ribavirin still represents the 
standard therapy in use against HCV infection. Even when the 
combination therapy results in relatively high rates of success by 
achieving a sustained virological response (reviewed in [2]), it 
promotes severe depressive side effects in 22-3 1 % of the patients, 
which may be cause for therapy discontinuation [3,4] . 

It has been demonstrated that IFN-ot, a pro-inflammatory 
cytokine used as treatment for a variety of chronic viral infections 
and malignant disorders, induces depressive symptoms in 30-50% 
of the patients undergoing a long lasting treatment. The IFN- 
associated depression may reach higher degree in the case of HCV 
patients, leading even to the development of suicidal ideation and 
behavior [5,6] . As IFN-ot treatment acts as external inducer of pro- 
inflammatory cytokine production, it has been suggested that its 
neurotoxic effects may derive from alterations in peripheral 



pro-inflammatory cytokines, reduction of neurotransmitter bio- 
synthesis in the central nervous system (CNS) and the alteration of 
the hypothalamic-pituitary-adrenal axis. In this line, IFN-ot has 
been shown to increase serum concentrations of pro-inflammatory 
cytokines such as interleukin (IL)-1, IL-6, tumor necrosis factor-ot 
(TNF-ot) and IFN-y [7], which are factors increased also in 
depressive neuropsychiatric patients. We have previously shown a 
broad baseline activation of type I and II IFN production in 
patients with severe depressive episodes [8] . In concordance, IFN- 
ot is described to decrease serotonin (5-HT) and dopamine 
biosynthesis rates, as well as to activate monoamine transporters, 
thus depleting the synaptic concentration of this neurotransmitters 
[9-11]. Additionally, different studies in experimental animals 
revealed not only that IFN-ot depletes 5-HT and dopamine levels 
in several areas of the brain after intraventricular injection [12,13], 
but is also associated with a depressive-like behavior in mice and 
non-human primates after systemic injection [14,15]. 

Usually HCV naive patients report a variety of neuropsychiatric 
disturbances such fatigue, anxiety and depression [16]. Simulta- 
neously, pro-inflammatory cytokines like IL-1, IL-12, IL-18 and 
TNF-ot were found to be increased in postmortem brain tissue of 
HCV individuals [17] and in the blood of HCV patients with 
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depressive symptoms [18]. As Toll-like receptor 3 (TLR3) is able 
to recognize double-stranded RNA and to sense HCV infection, its 
activation may partially mimic the presence of the HCV in the 
system. According to this, Lafon et al. revealed that human 
neurons express TLR3 and, after stimulation with TLR3 agonist 
polyinosinic:polycytidylic acid (poly(LC)), they also express inflam- 
matory cytokines (IL-6 and TNF-oc) and chemokines (CCL5 and 
CXCL10) [19]. Further studies in neuroblastoma cells showed that 
poly(I:G) not only inhibited cell proliferation, but increased 
apoptosis [20]. 

The depression rates assessed by HCV patients undergoing IFN 
therapy have severe and more harmful symptoms than the one 
developed by in naive HCV patients, or patients treated with IFN 
for other pathologies, such as hepatitis B virus infection, 
melanoma or cancer. The severity of the symptoms may lead to 
discontinuation of the therapy, especially after developing suicidal 
ideation and behavior [21,22]. Our recent study revealed a similar 
pattern of up-regulated genes in the serum of HCV-depressed 
patients with the standard IFN therapy and psychiatric patients 
with severe depressive episodes [8], indicating common features 
between idiopathic- and IFN-mediated depression. Even so, the 
mechanisms triggered in those conditions remain unclear. The 
current work transfers the study of the recendy described 
depression-related interferon-inducible genes (DRIIs) to the brain 
tissue, initially through their validation in the post mortem brain 
specimens of individuals that had committed suicide and 
subsequently by the establishment of a system able to mimic the 
conditions affecting the HCV patients undergoing IFN therapy. 
Thus, with the aim to analyze synergistic phenomena that may 
underlie the interferon-related depression in HCV patients both 
simulations, IFN treatment and TLR3 stimulation, were studied 
together in vitro in murine neurons. Our results show that in vitro 
costimulation with mIFN and poly(I:C) not only upregulates the 
DRIIs, but is a strong inducer of pro-inflammatory cytokine 
expression in neurons through Statl and Stat3 activation. 

Materials and Methods 

1. Human post mortem samples and animals 

Post mortem brain samples were collected from individuals after 
suicidal and non-suicidal death (cardiac death, n = 6; fatal 
accident, n = 5; homicide, n — 2; or suicide, n = 20). In 1 1 cases 
suicide was committed by fatal drug intoxication. In patients with 
non-suicidal death there was no history of depressive disorders or 
antidepressant medication (Table SI). Brain specimens were 
collected after getting the written informed consent of the relatives. 
This part of study was approved by the local ethical committee at 
the University Hospital of Essen. Additionally, embryos of the 
inbred C57BL/6 wild-type mice kept in the animal facilities of the 
University Hospital of Essen, were used for the culture experi- 
ments. All animal experiments were approved by the local ethic 
committee (LANUV NRW) and received human care according 
the Guide for the Care and Use of Laboratory Animals published 
by the National Institute of Health. 

2. Brain sample acquisition 

For gene expression analysis in the brain, samples were taken of 
each deceased individual as cubes with 3-5 mm edge length from 
different brain structures currently related to depression, such as 
hippocampus, amygdala and gyrus cinguli [23-25]. Besides, pons 
was chosen as region not associated with emotional functions. For 
RNA protection, the brain tissue was transferred immediately into 
1 mL RNAlater RNA Stabilization Reagent (Qiagen) and stored 
over night at 4°C and then at -20°C. Subsequendy, total RNA 



was isolated according to the manufacturer's recommendations for 
lipid tissues using Qiazol Lysis Reagent (Qiagen) combined with 
the RNeasy Mini Kit (Qiagen). The quantification and quality 
control of RNA was performed both with NanoDrop 2000 
(PEQLAB, Erlangen, Germany) and with 2100 Bioanalyzer 
(Agilent, Boeblingen, Germany), and RNA was then stored at 
-80°C. 

3. Primary neuron culture 

Primary cultures of neurons derived from the hippocampus and 
prefrontal cortex of El 7-18 mice were prepared as follows: 
dissected tissues free of meninges were washed in Hank's Balance 
Salt Solution (PAA Laboratories) and disaggregated in a digestion 
mixture of 10% trypsin (PAA Laboratories) with 1% DNase I 
(Sigma-Aldrich) in PBS for 15 minutes at 37°C. After further 
washing in DMEM (Gibco) supplemented with 1% glutamine 
(Gin, PAA Laboratories) and 10% fetal bovine serum (PAA 
Laboratories), mechanical disaggregation was performed through 
pipetting. Finally, cells were filtered (Falcon, Nylon 100-40 urn, 
BD Biosciences), counted by trypan blue exclusion and seeded in 
poly-Lys coated plates. After 24 hours of incubation, the medium 
was replaced with Neurobasal (Gibco) with 1% Gin and 2% B27 
supplement (Invitrogen). All media contained 1 % penicillin/ 
streptomycin (PAA Laboratories). The cultures were incubated in 
a humidified incubator at 37°C, 5% CO 2 . 

4. Culture treatments 

Murine IFN-a (mIFN, Sigma-Aldrich) was added to the neuron 
culture in a concentration of 1,000 IU/mL for gene expression 
experiments, protein analysis and cytokine assays, at 1,000 and 
100 IU/mL for proliferation assays, and doses ranging from 1,000 
to 1 IU/mL for immunocytochemistry. The TLR3 agonist 
poly(I:C) (Invivogen) was used at 100 ug/mL for gene expression 
analysis, protein analysis and cytokine assays, at 100 and 10 ug/ 
mL for proliferation assays, and a doses ranging from 100 to 
0,0 1 ug/ mL for immunocytochemistry. 

5. Gene expression measurement by RT-PCR 

In order to determine in human post mortem brain specimens 
the gene expression levels of candidate interferon stimulated genes 
(ISGs), endogenous IFNs and TLRs one-step RT-PCR with real- 
time detection was performed on the Rotor-Gene 2000 real-time 
amplification system (Corbett Research, Mortlake, Australia). 
One-step RT-PCR was carried out with the QuantiTect SYBR 
Green RT-PCR Kit (Qiagen) according to the manufacturer's 
instructions as described before [26]. As the brain tissue was 
collected several hours after the decease, in order to ensure the 
quality and integrity of the RNA, three different house-keeping 
genes fS-acfin (ACTB), tyrosine 3-monooxygenase/tryptophan 5- 
monooxygenase activation protein (TWHA^j, and (32-microglobu- 
lin (B2M) were quantified for normalization of gene copy numbers 
to the variable RNA amounts within the different samples. For 
each gene data are shown as copy numbers normalized to the 
number of ACTB transcripts in the sample. Self-designed primers 
were used for ACTB, B2M, GBP1, IFTT1, ISG15, MX1, STAT1, 
and TWHA£ (Table 1). For all other genes commercial primers 
were used (QuantiTect Primer Assay, Qiagen). In the murine 
cultured neurons, the expression levels of Isgl5, from 14 of the 
previously described DRIIs (Statl, Rtp4, MeJ2a, Ube2l6, Gbpl, 
St3gal5, Psmb9, Dynltl, Grhcl, TnfsflO, Rbckl, Torbl, Disci and CM) 
[8], several pro-inflammatory cytokines (Ccl4, Ccl5, Cxcll, Cxcl2, 
Cxcl9, CxcllO, Tnf-a, 11-6 and Ifn-y), the tissue inhibitor of 
metalloproteinases- 1 (Timp-1), the 5-HT receptor and transporter 
(Scl6a3 and Slc6a4 respectively) and the indoleamine-pyrrole 
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2,3-dioxygenase {Idol) were assessed using RT-PCR. RNeasy Mini 
Kit (Qiagen) and Quanti-Fast SYBR Green RT-PCR Kit (Qiagen) 
were used for the RNA extraction and RT-PCR respectively, 
according to the manufacturer's instructions. In every case RT- 
PCRs were carried out in a CFX96 Teal-Time System (Bio-Rad) 
with commercially available primers (Qiagen). For normalization 
of gene copy numbers versus possible variations of RNA amounts 
within the different samples, the housekeeping gene fi-actin was 
quantified. For each gene data are shown as copy numbers 
normalized to the number of Gapdh transcripts in the sample. Each 
measurement was repeated at least four times. 

6. Western blot analysis 

Primary hippocampal and prefrontal cortex neurons were 
treated with mIFN (1,000 IU/mL), poly(I:C) (100 Ug/mL), and 
with a combination of both for 24 h at 8-9 days in vitro (div) and 
processed for the detection of the signal transducer and activator 
of transcription 1 (Statl), phosphorylated (p)-Statl (Ser 727), Stat3, 
(p)-Stat3 (Tyr 705), the extracellular-signal-regulated kinase 1/2 
(Erkl/2), (p)-Erkl/2 (Thr202/Tyr204), Akt and (p)-Akt (Ser473). 
Briefly, after washing, cultures were lysed with Ripa buffer 
(150 mM sodium chloride, 1.0% NP-40 or Triton X-100, 0.5% 
sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0) for 

5 minutes. Cell lysates were collected and centrifuged for 

6 minutes at 4,000 rpm. The supernatants containing cytosolic 
proteins were stored at — 80°C until used. Determination of 
protein concentration was performed using DC Protein Assay 
(Bio-Rad) according to the manufacturer's instructions. Protein 
samples (20 ug) were separated by SDS-PAGE (Mini-Protean® 
TGXTM Gels, Bio-Rad Laboratories) at 150 V for 1 h and 
transferred to polyvinylidene fluoride membranes (TransBlot 
Turbo Transfer Pack Midi format 4-15%, Bio-Rad Laboratories). 
Membranes were incubated for 1 h at room temperature in TBS- 
T [10 mM Tris-HCl (pH 7.6), 150 mM NaCl, and 0.1% Tween- 
20] containing 5% non-fat dry milk. Blocking membranes were 
incubated overnight at 4°C with rabbit monoclonal primary 
antibodies (1:1,000, Cell Signaling). After washing with TBS-T, 
the membranes were incubated with horseradish peroxidase 
(HRP)-linked goat anti-rabbit IgG (H&L) secondary antibody 
(1:3,000, Cell Signaling) in TBS-T containing 5% non-fat dry 
milk. The blots (at least four repeats for each experiment) were 
visualized by enhanced chemiluminiscence (Amersham ECL 
Prime Western Blotting Reagents, GE Healthcare) using Fusion 
FX7 image acquisition system (Vilber Lourmat). The blots were 
subsequently stripped through incubation in stripping buffer (15 g 
glycine, 1 g SDS, 10 mL Tween 20, pH 2.2 in 1 L ultrapure 



water) and reproved for actin-beta as loading control. Quantitative 
data were obtained using the ImageJ software (Research Service 
Branch, NIH). 

7. Immunofluorescence staining 

For the plasticity analysis, primary hippocampal and prefrontal 
cortex neurons (2 x 1 0 4 cells, 4 div) were stimulated for 24 hours 
with mIFN (100, 1,000 IU/mL), poly(LC) (10, 100 Ug/mL) and 
costimulated. After fixation with 4% PFA, cells were permeabi- 
lized with 0,02% Triton X-100 in PBS during 5 minutes and 
blocked with 10% fetal bovine serum in PBS for 1 hour. Cells 
were then stained with anti-MAP2 (Sigma; dilution 1:500) and 
anti-Taul (Millipore; final concentration of 5 |J,g/mL) at 4°C over 
night (ON). In the case of caspase-3 detection (Abeam; final 
concentration of 5 ug/mL), neurons (3x10 cells, 4 div were 
stimulated for 72 hours with the above mentioned treatments and 
fixed with 4% PFA with 4% sucrose for 20 min and with methanol 
for 10 min at 4°C. Alexa-labelled secondary antibodies (anti- 
mouse IgGl Alexa 594, anti-mouse IgG2a Alexa 488 and anti- 
rabbit IgG Alexa 594, diluted 1:1,000; Invitrogen) were applied for 
1 h at room temperature: Cell nuclei were further stained with 
Hoechst (Invitrogen; dilution 1:2,000). The coverslips were then 
mounted with Fluoromount GTM (eBioscience) and examined 
with an Olympus fluorescence microscope (BX41). Digitized 
images were captured with the Cell F software (Olympus) and 
processed with an image-editing software (ImageJ, NIH). Double- 
stained tissue sections were analyzed by confocal laser scanning 
microscopy (LSM 510, Zeiss) and analyze with the Zeiss LSM 
Image Browser Software. Each measurement was repeated at least 
four times. 

8. Cytokine array assay 

In order to determine the relative levels of cytokines and 
chemokines released by the neurons, the supernatant of 8-9 div 
neuron culture was collected after 24 h of costimulation with 
mIFN-ot (1,000 IU/mL), poly(LC) (100 ug/mL) and costimulation 
of both. Cytokine production was assessed by the use of the Mouse 
Cytokine Array Panel A Array Kit (R&D Systems) according to 
the manufacturer's instructions. Briefly, after blocking the 
membranes, they were incubated with a mixture of the 
supernatants and reconstituted with mouse detection antibody 
cocktail ON at 4°C. After washing the membranes, they were 
incubated with streptavidin for 30 min. A final wash was 
performed before incubation with chemiluminescent reagent. 
The results were visualized by enhanced chemiluminiscence 
(Amersham ECL Prime Western Blotting Reagents, GE 



Table 1. Self-designed primers used for quantitative real time RT-PCR. 



Gene 


Accession Number 


Forward Primer (5 -3 ) 


Reverse Primer (5 -3 ) 


ACTS 


BCO 16045 


TCCCTGGAGAAGAGCTACGA 


AGCACTGTGTTGGCGTACAG 


B2M 


NM_004048 


CAAATTCTGCTTGCTTGCTTT 


TGGAGCAACCTGCTCAGATAC 


GBP1 


NM_002053 


TTGCTGAAAGAGCAAGAGAGG 


TGGTTAGGGGTGACAGGAAG 


IFIT1 


NM_001548 


GCCCAGACTTACCTGGACAA 


GGTTTTCAGGGTCCACTTCA 


ISG15 


NM_005101 


TGTCGGTGTCAGAGCTGAAG 


AGAGGTTCGTCGCATTTGTC 


MX1 


NM_002462 


AGCCACTGGACTGACGACTT 


GAGGGCTGAAAATCCCTTTC 


STAT1 


NM_007315 


CCGTTTTCATGACCTCCTGT 


TGAATATTCCCCGACTGAGC 


YWHAZ 


NM_1 45690 


ATCCATGCTGTCCCACAAA 


TGGCCACCTCAAGATGAAA 



Abbreviations: RT-PCR = reverse transcription polymerase chain reaction. 
doi:10.1371/journal.pone.0083149.t001 
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Table 2. Basal expression of genes involved in depressive disorders or neuronal development in individuals who committed 
suicide. 







Gene 


Controls (n = 13) 


Suicidal (n = 20) 


t-test 






mean ± SEM 2 


mean ± SEM 2 


p value 


Depressive disorders or neuronal development 
related genes 


DYNLT1 


3,924±325.9 


6,780±526.9 


0.0001 




DISCI 


1 164+1 19.5 


2,088 ±201 .5 


0.0001 




GCH1 


349 6 + 33 2 


61 5.4±56.6 


0.0001 




T0R1B 


/ \Jf .\J — UZ-U 


1 251 0+77 3 


0 0001 




ST3GAL5 


5 31 7 + 357 5 


7 342 + 542 0 


0 002 




MEF2A 


6 Q?4+Sf)S ft 




0 0002 


ICf^c nnn mlntorl utfith Hanfocciuo Hicrtirlorc nr 

IJU3 1 If I 1 ICldlCU Will 1 UCUIC99IVC UlaUIUCia Ul 

neuronal development 


PSMB9 


1 ftft 4+73 ft 


308 9+25 5 


0 DOOR 




GLRX 


562.6±73.7 


896.5±82.4 


0.003 




RBCK1 


247.9±17.4 


335.4±23.5 


0.004 




ZNF200 


964.3 ±78.7 


1,313±92.0 


0.005 




RTP4 


437.3±42.3 


780.7 ±7 1.0 


0.0001 




UBE2L6 


3,951 ±327.3 


7,297±564.1 


0.0001 




TNFSF10 


1,185±135.1 


2,222±300.1 


0.002 




STAT1 


275.7±31.1 


442.5 ±36.2 


0.0007 




GBP1 


509.9±63.5 


766.9 ±60.4 


0.006 



Data are shown as copies per 100,000 copies of ACTS; Brain samples were pooled from hippocampus, amygdala, gyrus cinguli and pons. Abbreviations: n.s. = not 
significant, SEM = standard error of mean. 
doi:1 0.1 371/journal.pone.0083149.t002 



Healthcare) using Fusion FX7 (Vilber Lourmat), and further 
analyzed with the Image J software (NIH). 

9. Statistics 

The statistical analysis of the results was performed by the 
GraphPad Prism software (version 4.03) using T-Test or Mann- 



Table 3. Basal expression of interferons and toll-like receptor 



genes in ind 


ividuals who committed 


suicide. 










Controls 


Suicidal 






Gene 


(n = 13) 


(n = 20) 


t-test 






mean ± SEM 


mean ± SEM p value 


Interferons 


IFNA1 


382.6±45.1 


560.2±61.9 


0.02 




IFNA2 


34.7±4.3 


51.7±6.0 


0.02 




IFNB1 


181.0 + 27.4 


350.3±41.7 


0.001 




IFNG 


15.5+1.9 


26.9 ±2.4 


0.0004 


TLRs genes 


TLR3 


599.5±67.6 


883.1 ±76.3 


0.006 




TLR7 


304.8±37.8 


524.0±53.5 


0.001 




TLR8 


<40.0±4.0 


<40.0±4.0 


n.d. 


Control ISGs 


MX1 


2,1 08± 172.1 


2,223± 182.6 


n.s. 




IFIT1 


2,566±328.3 


2,863 ±306.9 


n.s. 




ISG1S 


2,384±271.7 


2,602 ±266.0 


n.s. 




MT1F 


5,904±598.0 


5,945±460.9 


n.s. 



Table 4. Basal expression of 5-HT-related genes in the 
hippocampus of individuals who committed suicide. 







Gene 


Controls 
(n = 13) 


Suicidal 
(n = 20) 


t-test 


5-HT-related 
genes 


ID01 


30,45 ±5,725 


31,74±4,879 


n.s. 




SLC6A3 


11,00+1,774 


14,18±2,487 


n.s. 




SLC6A4 


48,43 ±12,58 


35,26±7,851 


n.s. 



Data are shown as copies per 100,000 copies of ACTB; Brain samples were 
pooled from hippocampus, amygdala, gyrus cinguli and pons. Abbreviations: 
n.s. = not significant, SEM = standard error of mean, n.d. = not determined. 
doi:1 0.1 371/journal.pone.0083149.t003 



Data are shown as copies per 100,000 copies of ACTB; Abbreviations: n.s. = not 
significant, SEM = standard error of mean. 
doi:10.1371/joumal.pone.0083149.t004 



Table 5. Basal expression of cytokines in the hippocampus of 
individuals who committed suicide. 







Gene 


Controls 
(n = 13) 


Suicidal 
(n = 20) 


t-test 






mean + SEM 


mean ± SEM 


p value 


Cytokine 
genes 


TIMP-1 


674,9 ±127,1 


2626±895,3 


0,0447 




CXCL1 


337,9±96,33 


642,4±202,3 


n.s. 




CXCL9 


762,5±415,4 


959,7±665,9 


0,0418 




CCL5 


31 1,3 ±59,76 


395,1 ±70,28 


n.s. 




IL-6 


400,5±77,01 


1917±553,7 


0,0497 




TNFa 


60,03 ±15,71 


67,35 ±18,33 


n.s. 



Data are shown as copies per 100,000 copies of ACTB; Abbreviations: n.s. = not 
significant, SEM = standard error of mean. 
doi:10.1371/joumal.pone.0083149.t005 
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Figure 1 . Expression of enhanced DRIls and the most relevant genes of the 5-HT pathway in cultured neurons. Total RNA was isolated 
of 9-10 div. cultures hippocampal (HP) and prefrontal (PC) cortical neurons after stimulation during 24 h with mIFN (1000 lU/mL), poly(l:C) (100 |ig/ 
mL) and both, and induced expression was assessed by quantitative RT-PCR. (A) Genes with differential and significant upregulation after 
costimulation treatment in one or both studied cell types. (B) Other DRIls showing a response to the treatments. (C) Genes related to 5-HT 
metabolism. DRIls not responsive are shown in figure SI. The data are presented as mean values (± SEM). Asterisks indicate significant results (* 
p<0.05; ** p<0.01; *** p<0.001) using the Student's t-test. 
doi:1 0.1 371 /journal.pone.00831 49.g001 



Whitney test as appropriate followed by Welch's correction when 
necessary. The null hypothesis was rejected at the p£0.05 level. 

Results 

1. DRIls and interferons are deregulated in the brain of 
suicide individuals 

Recently, 15 DRIls were described to be significantly 
upregulated in PBMC of depressed HCV patients after IFN-oc 
therapy and in IFN-stimulated PBMC of psychiatric patients 
suffering severe depressive episodes [8]. In order to test if the same 
genes are regulated in the brain, quantitative RT-PCR was 
performed on brain samples from individuals with and without 
suicidal death (Table 2), as well as endogenous IFN genes (IFNA1, 
IFNA2, IFMB, and IFJVG) and Toll-like receptor genes TLR3, 
TLR7, and TLR8 (Table 3). P-actin was used as house-keeping 
gene in these studies. Regulation did not differ, when gene 
expression was normalized with ACTB, YWHA^ or B2M. For this 
reason, we did not report them here. Since there were no 
significant differences in the expression of the target genes between 
the 4 examined brain regions (Figure S1A-C), data from all 
samples were pooled for the individual clinical groups. The similar 
gene expression within the different brain regions indicates that 
the expression changes are not restricted to brain areas involved in 
emotional function. For most of the genes no significant differences 
were seen within the suicide group between the 1 1 cases with and 
the 9 cases without fatal drug intoxication. Furthermore, gene 
expression was neither correlated to gender nor to the post mortal 
interval (data not shown). For all 15 candidate genes, a striking 
upregulation was observed in individuals that had committed 
suicide (Table 2), while control ISGs including MX1, IFIT1, ISG15 
and MT1F were not regulated (Table 3). Subsequently, hippo- 
campal tissue samples were used to determine variations in 5-HT- 
related genes, namely IDOl, SLC6A3 and SLC6A4 which did not 
exhibit any changes (Table 4). In contrast, cytokines measured in 
hippocampus of suicide individuals were generally upregulated, 
getting significant in case of IL-6, TIMP-1 and CXCL9 (Table 5). 

2. Costimulation with mIFN and poly(l:C) modulates the 
expression of DRIls and the serotonin transporter Slc6a in 
vitro 

In order to establish an in vitro mouse model reproducing the 
DRIls upregulation, we stimulated embryonic hippocampal and 
prefrontal cortex neurons with high doses of mIFN (1,000 IU/ 
mL), poly(I:C) (100 |Ig/mL) or both during 24 hours. In both cell 
types, Isgl5 (taken as a control for IFN-related pathways 
stimulation, not shown) and Gchl were significantly upregulated 
after costimulation as revealed by RT-PCR, while Stall and 
Ube2l6 were elevated only in hippocampal neurons and P.smb9 in 
prefrontal cortical neurons (Figure 1A). With the exception of 
St3gal5, Rbckl, Grlxl, Disci and Torbl, which showed a mild or 
non-response compared with the control condition (not shown), all 
other genes exhibited a common pattern of regulation in both 
tissues consisting of a mild increase upon mIFN or poly(LC) 
monostimulation and a more pronounced increase after costim- 
ulation (Figure IB). With the aim to determine whether 5-HT- 



related genes are also altered in response to mIFN or poly(I:C) 
exposure, gene expression of Slc6a3, Slc6a4 and Idol was also 
quantified (Figure 1C). While Idol showed a slight increase upon 
costimulation, the serotonin transporter, Sk6a was significantly 
upregulated by poly(LC) and showed a strong increase following 
costimulation in hippocampal neurons. 

3. Pro-inflammatory cytokines are elevated in cultured 
neurons in vitro 

To investigate whether the treatments promote the synthesis of 
cytokines by cultured hippocampal and prefrontal cortical 
neurons, cells were costimulated during 24 hours with mIFN-a 
(1,000 IU/mL) and poly(I:C) (100 Hg/mL). As revealed by a 
cytokine array, costimulation strongly increased the expression of 
Ccl5 and Cxcll in both cell types, while Tnf-oc, Ccl4, Cxcl9, 
Cxcl2, 11-6 and Cell 2 were increased selectively in hippocampal 
neurons (Figure 2A). Those cytokines whose fold change reached 
>5 times the control measurement were further validated by RT- 
PCR. In these studies, Ccl5, Cxcll and Timp-1 showed the strongest 
upregulation upon costimulation, revealing expression levels 
significantly above monostimulation (Figure 2B). Similarly, all 
other cytokines exhibited highest expression levels upon costim- 
ulation, revealing (with the exception of Ccl4 and Cxcll 0 in 
prefrontal cortical neurons) expression levels significantly above 
conditions exposed to mIFN only (Figure 2B). 

4. mIFN and Poly(l:C) stimulation induces STAT1 and 
STAT3 activation 

As activation of the type I IFN receptor by type I IFNs 
ultimately leads to the phosphorylation and subsequent activation 
of the signal transducers and activators of transcription (Stat), we 
analyzed the total and activated (phosphorylated) levels of Statl 
and Stat3. The results showed that the overall expression of Statl 
increased after 24 hours of mIFN stimulation or mIFN and 
poly(I:C) costimulation in both cell types. This pattern was also 
followed by the activated form (p)-Statl (Ser 727) at every time 
point examined (Figures 3A, 3B). In contrast to prefrontal cortical 
neurons, hippocampal neurons also exhibited a late response to 
TLR3 activation by inducing Statl synthesis likely due to a 
secondary activation of IFN pathways following the release of pro- 
inflammatory cytokines (Figures 3A, 3B). While Stat3 was not 
changed, (p)-Stat3 (Tyr 705) presented a tissue-dependent 
response in hippocampal neurons (Figures 3A, 3C), being most 
responsive to mIFN and mIFN/poly(I:C) costimulation at the 
early stages, i.e., at 1 hour following exposure. 

5. mIFN and Poly(l:C) stimulation deactivates Erk1/2, but 
not Akt 

Concomitantly, we also analyzed TLR3 downstream pathways 
involving Erkl/2 and canonical Akt phosphorylation and activa- 
tion, the latter of which regulates IRF3 phosphorylation and 
activation in the nucleus. While total Erkl/2 did not change in 
response to mIFN and poly(I:C) stimulation (not shown), its 
activated form (p)-Erkl/2 (Thr202/Tyr204) decreased most 
strongly following costimulation after 24 hours in prefrontal 
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Figure 2. Cytokines and chemokines enhanced production in cultured neurons. The supernatant of cultured hippocampal (HP) and 
prefrontal cortical (PC) neurons stimulated at 8-9 div during 24 h with mIFN (1 ,000 lU/mL), poly(l:C) (1 00 |rg/ml_) and both treatments was assayed by 
the Mouse Cytokine Array Panel A Array Kit (measurable results are shown in A). Most relevant cytokine expression assessed by RT-PCR and showing a 
significant upregulation after costimulation treatment are shown in B. The data are presented as mean values (± SEM). Asterisks indicate significant 
results (* p<0.05; ** p<0.01; *** p<0.001) using the Student's t-test. 
doi:1 0.1 371 /journal.pone.00831 49.g002 



cortical neurons, remaining unchanged in hippocampal neurons 
(Figure 3D). Akt and its active form (p)-Akt (Ser473) did not 
exhibit any changes in response to mIFN and poly(I:C) exposure 
(data not shown). 

6. mIFN and Poly(hC) stimulation activates caspase-3 and 
compromizes neuronal survival 

In view of a putative role of neuronal apoptosis in the 
development of depression, we studied the effect of mIFN and 
poly(LC) stimulation on the activation of caspase-3, an executioner 
caspase, and neuronal survival in cultured hippocampal and 
prefrontal cortical neurons. As depicted in Figure 4A, neurons 
tended to aggregate in the presence of high doses of poly(I:C) and 
a neuronal loss was visually observed upon mIFN/poly(I:C) 
costimulation. Further quantitative analysis revealed that also 
monostimulation prevented neuronal survival at higher doses, 
especially in hippocampal neurons (Figure 4B). Following costim- 
ulation, compromised neuronal survival was evident in both cell 
types (Figure 4B). The compromised survival was associated with 
the formation of cleaved, i.e., activated caspase-3 both after 
monostimulation and costimulation with mIFN and poly(I:C) 
(Figure 4B). 

Discussion 

Depression is a heterogeneous disorder that is often associated 
with inflammatory illnesses or with the long term treatment of 
patients with cytokines such as interferons. One third of 
individuals suffering of major depression shows elevated peripheral 
inflammation markers, supporting the hypothesis that inflamma- 
tion may play an important role in the pathophysiology of this 
entity. One of the most remarkable therapy-associated depressions 
affects around one third of HCV patients treated with the standard 
therapy, i.e., pegylated IFN-a. Unlike the mild depressive 
symptoms associated with hepatitis B patients undergoing IFN-a 
therapy or the fatigue often reported by naive HCV patients, 
HCV patients treated with IFN-a are prone to develop severe and 
chronic depressive states even leading to suicidal ideation and 
behavior, which may be cause of interruption of the therapy. The 
pathophysiological mechanisms underlying this severe depressive 
state was hitherto unclear. 

Recently, we have demonstrated that in the peripheral blood of 
the depressed HCV patients not only pro-inflammatory cytokines 
are upregulated, but also a group of 15 DRII genes. Interestingly, 
some of these genes had previously been related to various 
neurophysiological phenomenons. These genes were also found to 
be upregulated in PBMC of patients hospitalized for severe major 
depression [8] . Therefore, the first goal of the present work was to 
translate these studies to the brain tissue, by checking the 
expression of the DRIIs in the brain of potentially depressed 
individuals. Epidemiological data indicate that 59-87% of suicide 
victims suffer from major depression at the moment of decease 
[27,28], therefore post mortem brain samples of individuals that 
had committed suicide were chosen to validate the relevance of the 
DRIIs. Our results accurately confirm the upregulation of the 
DRIIs as well as an enhanced basal production of endogenous 



IFNs, suggesting that at the moment of death the individuals 
presented in an IFN-driven innate-immune response-like state. 

In order to study this phenomenon in vitro, the second objective 
of this work was to develop and examine a neuronal culture system 
able to mimic the conditions present in HCV patients undergoing 
IFN-a therapy, which are in some aspects similar to that present in 
patients with idiopathic depression or suicidal individuals. Some 
evidence supports the hypothesis that the HCV virus is able to 
cross the blood brain barrier and to replicate within the brain, 
where it may promote inflammatory responses and, as a 
consequence, psychiatric disorders. HCV RNA was found to be 
in the brain at 1,000 to 10,000-fold lower amounts than in the liver 
of HC V-infected patients [29] and negative-stranded HCV RNA, 
a replicative intermediate, was found in the CNS, suggesting viral 
replication [30,31]. Therefore, we cultured hippocampal and 
prefrontal cortical neurons and stimulated them with mIFN and 
poly(I:C), a TLR3 agonist simulating double stranded RNA viral 
activation by HCV. After 24 hours of stimulation most of the 
studied DRIIs presented an enhanced expression in particular 
after costimulation, which would partially mimic the in vivo 
conditions, i.e. PolyI:C-/TLR3-/HCV-mediated preactivation 
and subsequent IFN-therapy. Nevertheless, the fact that some 
genes were affected by single treatments but not especially under 
costimulation suggests that, in vivo, some other factors lacking in 
the culture system but present in the patient may influence their 
expression. The combination of these stimulated pathways may 
promote the enhanced symptoms present in the patients with 
HCV under therapy, compared with other depression types. In 
humans, IFN-induced stimulation of GCH1 promotes the accu- 
mulation of 7,8-dihydroneopterin and its stable metabolite 
neopterin at the expense of tetrahydrobiopterin formation 
(reviewed in [32]). As a consequence, the drop of BH4 decreases 
the monoamine neurotransmitters production. In our system, a 
particular upregulation with the costimulation treatment was 
found for GCH1, which is the rate-limiting enzyme in tetrahy- 
drobiopterin (BH4) biosynthesis and, consequently, limiting 
dopamine and 5-HT biosynthesis. Even when it has been 
described that different IFN types are able to induce GCH1 
activation [33,34], in our system the combination of treatments 
increased this induction 25-50 times, which may contribute to the 
deregulation of the mentioned monoamines. As the serotonergic 
system is also a reasonable source of candidate genes to determine 
vulnerability to depression and this system is the target of selective 
5-HT reuptake-inhibitor drugs that are used in the treatment of 
depressive disorders [35], we studied key molecules involved in 5- 
HT metabolism in vitro and in the hippocampal tissue of suicidal 
individuals. In vitro the 5-HT transporter, a critical element in 
neuronal 5-HT uptake, appeared specially upregulated with the 
poly(I:C) treatment and showed an important trend to increase in 
the hippocampal culture when costimulated with IFN-a, which 
may support the idea that the deregulation of 5-HT biosynthesis 
and metabolism may be involved in the development of this 
depression type. The same group of genes did not show any 
defined responses in brain hippocampal tissue, which may be due 
to the heterogeneities among the suicidal individuals. Nevertheless, 
a direct contribution to such a complex phenotype by only one 
genetic variable seems highly unlikely. Given the multifactorial 
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Figure 3. Protein level analysis of the main effectors of IFN and poly(l:C) pathways in cultured neurons. Hippocampal (HP) and 
prefrontal cortical PC) neurons stimulated at 8-9 div during 15 min, 1 h and 24 h with mIFN (1,000 lU/mL), poly(l:C) (100 |rg/ml_) and both treatments 
were lysed and protein collected for analysis. Representative western blots (A) and quantification (B,C) showing the activation of Statl and Stat3 at all 
studied time points, and Erk 1/2 after 24 h (D). Significance related to the control condition is showed with #, while asterisks indicate significant 
variations between treatments (* or # p<0.05; ** or ## p<0.01; *** or ### p<0.001) using the Student's t-test. 
doi:1 0.1 371 /journal.pone.00831 49.g003 



nature of depression, it is reasonable to consider some variables 
affecting disease phenotypes. 

Considering the growing body of evidence pointing at the 
presence of a chronic pro-inflammatory state in depression-related 
disorders and given that neurons are able to produce, release and 
respond to type I IFNs and cytokines [36-38], relevant cytokines 
were screened in vitro and possible variations at the gene expression 
level were validated by RT-PCR in both systems. Among the 
cytokines expressed, a large set of chemokines was found to be 
increased in neuronal cultures, especially when following costim- 
ulation with mIFN and poly(LC). IL-6 and TNFa, pro-inflamma- 
tory cytokines commonly associated with depressive disorders [39- 
41], were found to be increased in cultured neurons, especially 
after costimulation. Indeed, the expression of hippocampal IL-6 
increased significantly more strongly after costimulation compared 
with the single treatments, suggesting synergistic actions of both 
stimuli. Similar results were obtained for CXCL9 and in case of 
CCL5, CXCL1 and TIMP-1 for both cell types, suggesting a 
potentiation of cytokine production following combination ther- 
apy. Correspondingly, the hippocampal tissue of the suicide 
victims, even when being only pardy representative of a depressive 
state, showed increased levels of pro-inflammatory cytokines, that 
reached significant difference in the case of TIMP-1, CXCL9 and 
IL-6. These findings are consistent with the fact that increased 
circulating levels of pro-inflammatory cytokines, acute phase 
proteins and chemokines have been associated with symptoms of 
depression in humans and animal models [42,43]. TIMP-1 is a 
pleiotropic extracellular protein that dramatically increases in the 
CNS in response to a variety of injuries and inflammatory 
conditions (reviewed in [44]). While until now TIMP-1 failed to be 
associated with depressive disorders [45], it has been involved in 
several neurophysiological processes like neuroprotection, oligo- 
dendrocyte differentiation and synaptic plasticity ([46,47], re- 
viewed in [44]). Additionally, altered plasma levels of TIMP-1 
have been detected in Alzheimer's disease and vascular dementia 
[48,49]. Concomitantly, increased circulating levels of IL-6 and 
other pro-inflammatory cytokines have been reported to be 
present in individuals suffering of depressive disorders ([50,51], 
reviewed in [52]) and in animal models of depression and chronic 
stress [53,54]. Remarkably, IL-6 is not only found to be elevated in 
the cerebrospinal fluid of suicide attempters [55], even its levels in 
the peripheral blood have been proposed as a biological marker 
discriminating suicide attempters from depressed patients without 
suicidal ideation [53,56]. The chemokines Cxcll and Cxcl9 have 
been involved in neuronal differentiation and astrocyte maturation 
in cultured neurospheres, suggesting that they act in an autocrine 
or paracrine fashion on neural progenitor cells altering their 
responsiveness to injury or disease [57]. Cytokine production and 
release is a consequence of the activation of pathways controlled 
both by IFN receptor and TLR3. In our in vitro system, mIFN and 
mIFN/poly(I:C) costimulation not only activated Statl and Stat3, 
but also Statl was additionally activated in a delayed way at 
24 hours most likely via the secondary production of cytokines due 
to innate immunity activation promoted by TLR3 stimulation. 
This phenomenon has been previously observed in human 
PBMCs and astrocytes, besides other cell types [58,59]. Interest- 
ingly, Stat3 seemed to be more strongly and rapidly modulated in 



prefrontal cortical neurons than in hippocampal neurons, where 
only costimulation triggered a significant overproduction of the 
phosphorylated form. In prefrontal cortical neurons at later stages 
the active forms of Erkl/2 also gradually decreased with the 
different treatments, likely due a response to pro-inflammatory 
cytokines. Notably, after 24 hours of costimulation, (p)-Erkl/2 
reduction appeared to be significandy different from single 
treatments, suggesting again a synergy between both pathways. 
These results are in concordance with the deficiency of tErk 1 / 2 
found post-mortem in the hippocampus and prefrontal cortex of 
depressed suicide individuals [60,61], which has already previously 
been implicated in the development of major depression. 
However, the topic remains controversial as studies in rodents 
detected an overactivation of the Erkl/2 pathway in depression- 
like states [62,63]. Erkl/2 is a pleiotropic signal, the role of which 
may vary in different types of depression. 

A myriad of neuropsychiatry disorders, including depression, 
are characterized by morphological brain alterations. In depres- 
sion, the main structural modification described consists in the 
reduction of the gray matter within the prefrontal cortex, the 
hippocampus and the striatum ([64], reviewed in [65]). Several 
evidences point out that this structural atrophy may be due to 
impaired neurogenesis within the hippocampus and an excess of 
neural loss by apoptotic processes, which have been frequendy 
matched to the effects of antidepressants and depressive-like 
behavior in animal models ([66-68], reviewed in [69]). However, 
other papers do not describe such alterations [70,71]. Despite the 
cultured neurons system just partially mimics the real in vivo 
conditions, we found that costimulation treatment at high doses 
differentially affected the survival of the cells. As depicted form our 
results, interaction in IFN-oc and poly(LC) pathways may activate 
apoptotic processes triggered by the executioner caspase-3, which 
may be responsible of at least part of the observed effects. The 
concept of misbalanced apoptosis in hippocampal and prefrontal 
cortical neurons as one of the pathophysiological mechanisms 
underlying depression has been previously described [69,72]. In 
this respect, Ping et al. recendy described that repeated systemic 
injections of IFN-a in mice induced depressive-like behavior 
through hippocampal neuronal apoptosis mediated by caspase-3 
[73]. 

In summary, our data validate the role of differentially regulated 
DRIIs, which have previously been described DRIIs in the blood 
of patients suffering from IFN-induced depression by us [8] in the 
brains suicide individuals, followed by a comprehensive analysis of 
these genes and in a neuronal cell culture system. Our data suggest 
that the exposure of primary hippocampal and prefrontal cortical 
neurons mimics several of the pathological sequelae associated to 
IFN-related depression in HCV infected patients, i.e., inflamma- 
tory responses, altered cytosolic signaling and a shift in the balance 
between neuronal survival and death. These findings are highly 
relevant in light of inflammatory mechanisms that link depressive 
disorders with innate immunity processes. Our here-presented cell 
culture systems are simple models that may lack some of the more 
complex features underlying depressive states. Reliable in vivo 
models are urgently required that allow to further characterize the 
mechanisms underlying IFN-induced depression. 
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Figure 4. Survival and apoptosis variations in hippocampal and prefrontal cortical neurons. Cells were stimulated at 4 div during 72 h. 
All graphics show fold change compared with the control condition. (A) hippocampal and prefrontal cortical neurons with different treatments 
stained with anti-caspase 3 (red) and Hoechst (blue). The applied treatments dosage is: in mIFN treatment (A) = 10, (B)= 100 and (C) = 1,000 lU/mL; in 
poly(l:C) treatment (A) = 0,1, (B) = 1, (C) = 10 ng/mL; in costimulation treatment (A) = 1 0 IU+1 ng/mL, (B) = 100 IU+1 0 ng/mL and 
(C) = 1,000 IU+1 00 |ig/ml_. Scale bar: 20 um. (B) Survival and apoptosis rates, assessed as total number of nuclei/field and the percentage [%] of 
caspase3 positive cells at the end of the treatment measured by immunocytochemistry using anti-cleaved caspase3 counterstained with Hoechst. 
The data are presented as mean values (± SEM) fold changed with the control. Asterisks indicate significant results (*p<0.05; ** p<0.01;*** p<0.001) 
using the Student's t-test. 
doi:1 0.1 371 /journal.pone.00831 49.g004 



Supporting Information 

Figure SI Depression-associated genes are upregulated 
in different brain regions. Total RNA was isolated from brain 
specimen of 33 individuals after non-suicidal ("N", n=13) or 
suicidal ("D", n = 20), respectively. From each individual specimen 
were taken from 4 different brain regions (amygdala, gyrus cinguli, 
hippocampus, pons). Basal gene expression was analyzed by 
quantitative RT-PCR. Data (copies per 100,000 copies of ACTS) 
are shown as mean and SEM for DISCI (A), DYMT1 (B) and 
ISG15 as a control interferon stimulated gene (C). 
(TIF) 
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